A comparison of two different medium scale MBRs (ultrafiltration and microfiltration) using respirometric methods has been achieved. The ultrafiltration membrane plant (0.034 µm pore size) maintained recirculation sludge flow at seven times the influent flow, and membranes were backwashed every 5 min and chemically cleaned weekly. The microfiltration membrane plant (0.4 µm pore size) maintained recirculation sludge flow at four times the influent flow, membrane-relax was applied after the production phase and membranes were chemically cleaned in the event of high trans-membrane pressure. Both technologies showed a similar performance with regard to heterotrophic kinetic and stoichiometric parameters and organic matter effluent concentrations. The influent was characterized by means of its COD fractions and the average removal percentages for COD concentrations were around 97% for both plants in spite of influent COD fluctuation, temperature variations and sludge retention time (SRT) evolution. Both SRT evolution and temperature affect the heterotrophic yield (Y H ) and the decay coefficient (b H ) in the same range for both plants. Y H values of over 0.8 mg COD/mg COD were obtained during the unsteady periods, while under steady state conditions these values fell to less than 0.4 mg COD/mg COD. b H by contrast reached values of less than 0.05 d À1 .
INTRODUCTION
Although the activated sludge process has been widely used in wastewater treatment plants all around the world for many years, it is now being replaced by systems based on membrane bioreactors (MBR), which have a greater capacity to degrade organic matter, due to longer sludge retention times (SRT), are better at producing high-quality effluent that meets water quality regulations (Arévalo et al. ) and have lower space requirements ( Judd ) .
In an MBR system, membrane pore size indicates the degree of selectivity of the membrane. The pore sizes of microfiltration membranes range from approximately 0.05 to 2.0 µm, whereas for ultrafiltration membranes the range is from approximately 0.005 to 0.1 µm, which means that they can achieve higher levels of separation, particularly in terms of bacteria and viruses (Judd ) . The driving force for these membrane processes usually comes from a partial vacuum in the permeate flow stream produced by a permeate pump, and the pressure needed to force the permeate through the membrane increases as the pore size decreases. The filtration results of Hong et al. () showed that the rate of permeate flux declined more quickly with increasing membrane pore size or porosity, due to pore blocking and to the increased thickness of the cake layer, which meant that microfiltration membranes with larger pore size experienced higher initial fouling than ultrafiltration membranes. According to Choi et al. () , microfiltration membranes provide a hydraulic resistance of around twice that of an ultrafiltration membrane and the dissolved organic carbon (DOC) rejection of both membranes are similar, indicating that the dynamic membrane layer formed on the membranes provides the perm-selectivity rather than the membrane itself. Another difference is that ultrafiltration membranes have higher surface areas because the pore structures are more closely interconnected than those of microfiltration membranes. The selection of one process or the other depends on the objectives sought by the treatment.
Since the discovery of activated sludge processes, one of the most widespread tools for improving our understanding of the biological processes that take place inside a biological reactor is respirometry, which is also used to ensure the operational control of these plants. Respirometric techniques are widely used and standardized for the characterization of wastewater and biomass in conventional urban wastewater treatment plants (Sperandio & Paul ) .
IWA activated sludge models have been used as a reference to describe activated sludge processes but due to the high SRT, no loss of solids in the effluent, increasing amounts of inert particulate matter and other specific characteristics of the MBR processes, it is still necessary to check the values of some of the kinetic and stoichiometric parameters included in these models to adapt them to the MBR processes. Several models describing the activated sludge process have been published in recent decades (Sin et al. ) and some modifications to adapt these models to MBR processes have also been suggested (Baek et al. ) . However, most of these studies have sought to model fouling and few works have evaluated the kinetic and stoichiometric parameters which describe the biological MBR process (Saroj et al. ) . Moreover, these studies have been carried out in small lab scale plants (Spérandio & Espinosa ) , with synthetic wastewater (Novák et al. ) or under specific operational conditions (Kurian et al. ) and their results cannot be generalized.
In view of this, the aim of this paper is to make a comparison of two different MBR technologies (ultrafiltration and microfiltration) by using respirometric methods to evaluate two important biochemical parameters: heterotrophic biomass yield (Y H ) and heterotrophic decay coefficient (b H ) and to determine how these parameters may vary as process conditions such as temperature and SRT change.
MATERIALS AND METHODS

Pilot plants and operating conditions
Two medium scale installations running in parallel were used for this study. Both systems were equipped with a pre-denitrification stage and followed the same configuration: anoxic bioreactor, aerobic bioreactor and membrane bioreactor where the sludge and the permeate were separated using the different membrane technologies (Figure 1 ). Both plants were fed with urban wastewater pre-treated in a full scale plant (Granada Wastewater Treatment Plant) to remove rubbish, sand and oils. Before entering the plants, wastewater passes through a 1 mm pore-size brush sieve in order to remove particles that can clog up the membranes. Influent wastewater was characterized according to its total suspended solids (554.35 ± 31.80 mg/l), volatile suspended solids (306.62 ± 35.03 mg/l), total COD (714.79 ± 61.61 mg/l), filtered COD (284.24 ± 14.19 mg/l), total BOD 5 (554.35 ± 31.8 mg/l) and filtered BOD 5 (270.02 ± 15.52 mg/l) concentrations. Other parameters such as total nitrogen (80.5 ± 6.2 mg N/l), total phosphorus (16.9 ± 1.6 mg P/l), pH (7.58 ± 0.06) and conductivity (990 ± 30 µS/ cm) were also measured. Dissolved oxygen (DO) concentration was kept in the range 0.5-1.6 mg/l in the aerobic bioreactors and the membrane reactors were also aerated to remove solids from the membrane and to control fouling.
The first pilot plant was equipped with hollow fibre submerged ultrafiltration membranes (0.034 µm nominal pore size) made in polyvinylidenefluoride (PVDF), and the flow rate between bioreactors was seven times the influent flow rate. Running conditions involved a 5 min production phase (1 m 3 /h), followed by 30 sec of backwashing (1.5 m 3 /h). Chemical cleaning was carried out weekly using NaClO (100 mg/l).
The second plant was equipped with submerged plane microfiltration membranes (0.4 µm nominal pore size) made of chlorine polyethylene (PE). It worked at a constant permeate flow rate of 0.42 m 3 /h and the flow rate between bioreactors was four times the influent flow. Membranes were chemically cleaned using NaClO (100 mg/l) if the trans-membrane pressure (TMP) became excessively high.
In both plants, parameters such as temperature, pH, DO concentration, tank levels, trans-membrane pressure and flow rates were continuously measured and registered in a database every second. The high amount of data collected daily makes necessary to use the specific software called Active Factory 9.2 for the data analysis.
Physical and chemical analysis
Influent and effluent samples were collected daily from each pilot plant using a time controller and a peristaltic pump and kept refrigerated at 4 W C until they were taken for analysis.
Activated sludge samples were collected daily directly from each bioreactor to determine TSS by vacuum filtration, drying at 105 W C, and gravimetric determination, using 0.45 µm filters and VSS by incineration at 550 W C according to Standard Methods for the Examination of Water and Wastewater (APHA ). COD was measured using the COD closed reflux micro method (APHA ). Absorbance of the digestate was measured colorimetrically at 600 nm. 
Respirometer
Fresh sludge samples were taken from the aerobic bioreactors of each plant and kept aerated for 24 h before respirometric analysis to ensure an endogenous state. After large particles were removed from the biomass, this was fed into the respirometer where Y H and b H were calculated by means of the oxygen consumption rate measurements using a perfectly stirred 1 l batch respirometer. DO concentration and temperature were measured continuously inside the reactor and recorded online every 2 s. All experiments were conducted under conditions of controlled temperature using a water cooler connected to the respirometer, so that water flowed through the jacket at the desired temperature. It is necessary to keep the temperature inside the respirometer similar to the temperature inside the biological reactors of the pilot plants. pH was also kept constant in the range 7.0-8.0. For the respirometric analysis of heterotrophic biomass parameters, allylthiourea was added to inhibit nitrification.
Two sets of experiments were carried out using the respirometer. Oxygen uptake rate (OUR) experiments using endogenous biomass and inhibiting nitrification were carried out to determine b H according to the estimation proposed by Henze et al. () . The second set of experiments was carried out to determine Y H according to the procedure devised by Strotmann et al. () . For these experiments, an easily biodegradable organic compound such as sodium acetate was used. In addition, biodegradable COD concentration in the effluents was determined using the same procedure to check the efficiency of the MBR processes. For b H calculations, the unbiodegradable endogenous residue fraction, f p , was assumed to be 0.08 and the stoichiometric formula of C 3 H 7 NO 2 for the biomass was also assumed. In order to evaluate differences in the process parameters but not in the respirometer conditions, for Y H experiments the amount of sodium acetate added was constant (50 ml of a solution with a concentration of 213 mg/l). the same due to differences in the dimensions of the bioreactors, for respirometric tests the mean value for the temperatures of each plant was selected. Both plants were fed with the same influent and hydraulic retention time (HRT) was almost constant during the period of study. Activated sludge purge was established in order to obtain a similar SRT in both plants (20 d), the theoretical purge flow rate being 1.4 m 3 /d for the ultrafiltration plant and 0.66 m 3 /d for the microfiltration plant according to the volume of each one. However, because of controlled sludge losses, the time to reach the desired SRT is different for each plant, showing statistically significant differences in the SRT evolution. Although TSS concentrations increased over time at different rates ( Figure 2) , and as a result F/M ratios also show statistically significant differences in each plant due to differences in the TSS concentration, at the end of this period, both plants have reached the desired steady state.
RESULTS AND DISCUSSION
Biomass activity
In order to check that the biomass activity in the respirometer is representative of the sludge behaviour inside the biological reactors in the MBR plants, OUR tests using fresh sludge without allylthiourea were compared with the OUR calculated from the DO measurements inside the biological reactors. Trends were similar, which meant that bench-scale respirometric assays were representative of real biomass activity. Maximum specific respiration rates reached during the experimental analysis in the respirometer provide information about the state of the sludge. Values of 3.704 ± 0.492 mg/g h and 3.687 ± 0.586 mg/g h for the ultrafiltration and the microfiltration plant, respectively, were obtained, with no statistical differences between the values of both plants (p ¼ 0.964). The time taken by the sludge in the respirometer to consume the same amount of sodium acetate also provides information about the state of the sludge. Respirometric assays lasted 1,333 ± 137 and 1,355 ± 218 s, respectively, decreasing as Y H increased. There were no statistical differences between the two plants (p ¼ 0.963). Chudoba () found that high concentrations of microbial waste products adversely affect the kinetic activity of activated sludge micro-organisms, decreasing specific respiration rates. These results show relatively high biomass activities which can be explained by low inert matter accumulations in the systems as depicted by the values of VSS/TSS ratio. During this period, this ratio was kept at 72.09 ± 1.62% and 74.15 ± 1.24%, respectively, with no statistical differences between the results for the two plants (p ¼ 0.0599).
Kinetic coefficients (b H and Y H )
ASM1 (Henze et al. ) showed the need for a consistent determination for the heterotrophic yield coefficient (Y H ) and the decay coefficient (b H ). Lower values of these parameters are expected for MBR systems, as compared to conventional activated sludge processes. During the start up of these plants, when TSS concentrations did not reach particularly high values, values obtained for both kinetic coefficients were higher than those normally expected for an MBR process. Once a steady state was reached, however, they tended towards values that were lower than those typically achieved by a conventional activated sludge process (Figure 3) . Y H values obtained at the end of the experimental period were lower than those reported by Sperandio & Paul () for a conventional activated sludge process using sodium acetate: 0.54 mg COD/mg COD. In addition, b H was similar to values obtained by other authors such as Teck et al. () , who obtained heterotrophic decay coefficients of 0.05 d À1 after 300 days' SRT for an MBR system. Al-Malack () reported higher values for Y H and b H for an immersed MBR working at F/M ratios higher than those used in this study. These differences can be explained because, according to Low & Chase () , microorganisms are satisfying their maintenance energy requirements instead of producing additional biomass. With less substrate available for biosynthesis (lower F/M ratios), Y H is lower than when the maintenance energy requirements are satisfied (higher F/M ratios) and most of the carbon is used for growth.
It is well known that growth and storage are simultaneous processes; substrate stored during a feast phase will be used in famine conditions. According to this theory, as Y H increases, the amount of products stored and available for use during endogenous respiration increases and b H will also increase. This means that both parameters must show the same trends. Figure 4 shows the influence of the temperature on Y H and b H of the sludge from both plants. These parameters increase as the temperature increases but b H seems to have a linear relationship, while Y H shows a maximum value close to 0.85 mgCOD/mg COD when temperature rises above 20 W C. Results obtained for each plant show the same trends and similar values, with no statistically significant differences (p ¼ 0.716 and 0.353, respectively, for Y H and b H ). Avcioglu et al. () collected results for b H obtained between 1983 and 1995. These results ranged from 0.05 to 0.25 d À1 . These differences were partly attributed to variations in wastewater characteristics and to the analytical limitations associated with gradually decreasing biomass activity in the course of the respirometric experiments. In this work, b H changed with temperature and was influenced by the SRT evolution, but the results were in the same range for both MBR plants fed with the same wastewater.
COD removal efficiencies
The start-up phase of wastewater treatment has not received much attention despite being an important part of the process. For conventional activated sludge plants, treatment efficiency is generally low until a sufficient concentration of biomass with good settleability properties is obtained. As MBRs do not lose any biomass in the effluent, the time needed to start up the plant is expected to be shorter and COD removal is expected to be high even during the startup phase. These results show that both MBR systems removed most of the biodegradable soluble COD and permeates contained only inert soluble COD.
Process performance was high regardless of the values for Y H and b H , and overall substrate removal efficiencies of 96.85 ± 0.727% and 96.612 ± 0.394%, respectively, were achieved, although the influent COD ranged from 200 to 900 mg/l. Biodegradable effluent COD was less than 5% of the total effluent COD in the ultrafiltration plant and less than 20% of the total effluent COD in the microfiltration plant. Moreover, 68% and 42% of the respirometric tests carried out with effluent from the ultrafiltration and microfiltration plants, respectively, showed zero biodegradable COD values.
In a real MBR plant, parameters such as temperature and problems arising from undesirable leaks cannot be avoided. These results show that during the start-up of a real MBR system, although kinetic parameters indicating growth and decay of the biomass vary according to process parameters such as temperature and SRT evolution, overall COD removal efficiency remains high at around 97%, regardless of the TSS concentration inside the reactor. Student's t test shows that only the effluent COD concentration obtained in the microfiltration plant when the TSS concentrations were low (from 1 to 3 g/L) showed statistical differences. It means that differences occurred only at the beginning of this period.
For real applications, the selection of ultrafiltration or microfiltration technology will depend on several factors, not on the organic matter removal capacity, because both technologies are similar in this regard. The final reuse of the treated wastewater, which involves controlling several microbiological parameters, and the costs derived from the selection of one or the other technology are important factors to take into account before taking the final decision.
CONCLUSIONS
Microfiltration and ultrafiltration MBR technologies performed similarly with regard to kinetic and stoichiometric heterotrophic parameters of biomass and effluent organic matter concentrations.
Although activated sludge concentrations increased at different rates for microfiltration and ultrafiltration MBR systems, the TSS concentrations of both MBRs tended in the same direction and the VSS/TSS ratio values were similar. Biomass activities based on the maximum specific respiration rates and times taken by the sludge to consume added sodium acetate were similar for activated sludge from both MBRs during the experimental period.
Both SRT evolution and temperature affect Y H and b H . An increase in SRT evolution leads to lower Y H and b H values, whereas an increase in temperature leads to higher Y H and b H values in the same range for both MBR plants. A short start-up was observed for both ultrafiltration and microfiltration MBR plants and COD removal was high even during the start-up period. Both systems removed most biodegradable soluble COD and permeates contained only inert soluble COD in spite of influent COD fluctuation, temperature variations and SRT evolution.
